Abstract-Existing metrology tools for magnetic nanoparticles cannot generate magnetic fields of the necessary high strength at high frequency to determine particle saturation and coercivity at conditions representative of their use, for example, in composite inductor cores, medical imaging, and hyperthermia treatments for cancer. To address this measurement need, this letter presents the design of a high-field and high-frequency hysteresis loop tracer capable of 0.16 T at 46.4 kHz. Hysteresis loops of commercial and custom iron oxide nanoparticles in varying sizes are measured and compared to typical vibrating sample magnetometer results in demonstration of the insight into nanoparticle behavior enabled by the new capabilities.
I. INTRODUCTION
The growing interest in magnetic nanoparticles for use in inductors and transformers cores for power converters [Dong 2004 ], biomedical imaging tracers [Gleich 2005 ], hyperthermia treatments for cancer [Dewey 1977] , and targeted drug delivery [Chatterjee 2002 ] is contrasted by the lack of metrology tools capable of measuring them at the high field strength and frequency relevant to these applications. Typical operating fields in these applications are above 10 mT at 10 kHz or higher frequency. Commonly, nanoparticles are characterized using a vibrating sample magnetometer (VSM) or superconducting quantum interference device (SQUID) [Chatterjee 2003 , Mamani 2013 , Carvell 2010 that, while capable of field strengths up to several Tesla, can only measure with low (near-dc) field frequency. Given that the magnetization response of magnetic materials is frequency dependent, these measurements are not representative of nanoparticle behavior at higher frequency-particularly, as in the aforementioned applications, where the operating field frequency is comparable to or exceeds the Néel relaxation rate of the particles. Other instruments used to characterize nanoparticles include ac hysteresis loop tracers, or BH loopers, which can measure at higher frequency than the VSM or SQUID but generally with lower field strength. The best reported capabilities are 80 mT at 56 kHz [Connord 2014 ] and 1.5 T at ∼10 Hz (Model 110, Shb Instruments, Inc., Northridge, CA, USA) in research and commercially available BH loopers, respectively. Finally, ac susceptometers measure at frequencies up to several megahertz but with field strengths well below 10 mT [Goya 2003 , Ludwig 2012 , Mamani 2013 . Also, the measurements provide no information about the nonlinear characteristics of nanoparticle magnetization response because only the fundamental harmonic of the applied field frequency is measured in the response to determine the ac susceptibility and hysteresis losses. Motivated by the Fig. 1 . Schematic illustrating the principle of measuring the hysteresis loop. From bottom left (in order indicated by the blue arrows): A sinusoidal excitation field, H (t), is applied to the nanoparticle sample. The resulting magnetization response, m(t), of the particles induces a voltage, V(t), on a pick-up coil. The pick-up signal is measured up to several harmonics of the excitation frequency to enable accurate reconstruction of the m-H response of the particles.
unavailability of equipment to accurately characterize nanoparticle behavior, this work presents the design of a high-field and high-frequency hysteresis loop tracer capable of 0.16 T at 46.4 kHz. To demonstrate its operation, hysteresis loops of commercial (VivoTrax, Magnetic Insight, Inc., Alameda, CA, USA) and custom-made iron oxide nanoparticles in varying sizes and thereby, with varying Néel relaxation rates, are measured and compared to hysteresis loops obtained using a VSM.
II. PRINCIPLE OF OPERATION
The schematic in Fig. 1 ticles. The response is manifest as voltage, V (t), in a pick-up coil. Due to the nonlinear magnetization behavior of the particles, the pick-up signal contains higher harmonics in addition to the fundamental of the excitation frequency. The amplitude and phase of the harmonics are measured with respect to the excitation field and used to construct the m-H hysteresis loop of the particles via inverse Fourier transformation and integration. It is noted that while the pick-up signal can be measured in the time domain, the frequency-domain measurement, as described above, enables more intuitive calibration and processing of the signal. Fig. 2 shows a schematic cut-away of the hysteresis loop tracer. The instrument is designed to allow no relative movement or displacement of components during operation, to ensure reproducible measurements.
III. INSTRUMENT DESIGN

A. Construction and Electrical Operation
The solenoid coil to generate the excitation field consists of 36 windings, formed around a ceramic cylinder, in three layers of 20 mm, 32 mm, and 44 mm diameter. The windings are glued in notches in acrylic spacers (not shown) which are used to allow coolant to flow between the layers. To mitigate eddy current losses at the intended frequency of operation of ∼50 kHz, the windings are made of Litz wire (NELC660/36SNSN from New England Wire Technologies, Inc., Lisbon, NH, USA, with 660 strands of 36 AWG or 0.127 mm diameter wire). The outermost layer, wound at the top and bottom only, is to improve the excitation field uniformity at the sample location [Béron 2011 ]. The coil inductance is 8.2 µH at 2 kHz measured using an LCR meter. Silicone oil (Catalog no. 16385, Thermo Fisher Scientific, Inc., Waltham, MA, USA) is circulated through the acrylic housing of the excitation coil, via a water-cooled heat exchanger, to remove heat from the windings.
The pick-up coil is wound on an acetal rod machined to a 6.3 mm diameter for a tight fit in the ceramic cylinder. The coil is made of 150 turns of 40 AWG (0.08 mm diameter) wire. An identical coil, known as the compensation coil, is also wound on the rod and connected in electrical series opposition with the pick-up coil. To ensure repeatability of sample placement in the instrument, a 50 mm deep and 4.8 mm diameter bore, designed to provide sliding clearance with the sample vial (250 µL Glass Flat Bottom Insert, J.G. Finneran Associates, Inc., Vineland, NJ, USA), is drilled into the rod. The rod is inserted in the ceramic cylinder and glued after adjusting its position such that the excitation field couples equally to the oppositely wound pick-up and compensation coils, yielding a null signal in the absence of a sample. Fine control over nulling is achieved by a series-connected tuning coil mounted on an acrylic platform that can be raised or lowered with respect to the excitation coil using three plastic adjuster screws. The tuning coil is 1 cm in diameter and comprised of 10 turns of 30 AWG (0.25 mm diameter) wire. An electrically separate coil of similar design, called the field sense coil, is attached to the fixed bottom platform to measure the excitation field. Fig. 3 shows the inductive circuit to represent the hysteresis loop tracer. The excitation coil and the series connected pick-up, compensation, and tuning coils constitute the primary and secondary inductances, respectively.
To obtain the large current in the excitation coil necessary to generate the required 0.16 T field, a matching capacitance is designed for the primary inductance to realize an LC network that can be driven at resonance with a frequency close to desired frequency of operation. 3.1 µF and 21 µF power capacitors (Models CMF and C500TW from Celem Power Capacitors, Ltd., Jerusalem, Israel) are used, as shown in The lock-in amplifier is also used to detect the harmonics of the excitation frequency in the secondary (pick-up) signal. Harmonics, from the fundamental to the 60th, are sequentially measured with the signal from the field sense coil as phase reference. The quadrature and inphase components (equivalently, the imaginary and real components) of the harmonics measured with and without the nanoparticles in the sample vial are directly subtracted to eliminate any feed through from the primary not compensated by the tuning coil. The difference signal is then calibrated for the frequency response of the secondary coil (see Section III-B) and processed, via inverse Fourier transformation and integration, to determine the time-varying magnetic moment, m(t), of the nanoparticles.
Each sample measurement is at room temperature and takes approximately 4 s. Between measurements, the excitation field is lowered to 0.004 T to safely change samples without exposing the user to the high operating voltages while ensuring the lock-in amplifier remains phase-locked to the signal from the field sense coil.
The measurements, including calibration, are automated: LabVIEW software from National Instruments Corporation is used to control the lock-in amplifier and interface with MATLAB, a signal processing software from The MathWorks, Inc., in which the routines for subtraction, scaling, inverse Fourier transformation, and integration of the harmonic components are implemented.
B. Calibration
The magnetic moment measured by the instrument is calibrated using a 1 mm diameter yttrium iron garnet (YIG) sphere with a saturation magnetic moment of 76 µAm 2 (standard reference material 2853, National Institute of Standards and Technology, Gaithersburg, MD, USA). The sphere can be easily saturated, as known from vibrating sample magnetometry, by the 0.16 T excitation field of the hysteresis loop tracer (see Fig. 4(a) , red trace). The amplitude of the time-domain magnetization response of the sphere, constructed from the harmonic components as described above, is scaled to equal the known saturation moment. The scaling factor is saved and used to scale the amplitude of the time-domain magnetization response of the nanoparticle samples.
The phase of the magnetization response with respect to the excitation field is calibrated using a 3.4 mm diameter dysprosium oxide (Dy 2 O 3 ) pellet, pressed from 113 mg of pure powder (ࣙ99.99% trace metals basis, Sigma-Aldrich, Inc., St. Louis, MO, USA). Dy 2 O 3 is a chemically stable rare earth oxide known to exhibit a paramagnetic response that is linear up to fields well beyond the applied excitation field of 0.16 T [Fukuma 2011 ] and only weakly frequency dependent in the dc-to-kilohertz range [Chen 2011 ]. The time-domain magnetization response of the pellet, constructed from the hysteresis loop tracer measurement, is scaled in amplitude and plotted against the signal from the field sense coil. The phase difference between the plotted signals is compensated by software such that the resulting m-H trace is linear. Next, to calibrate the excitation field amplitude, the slope of the trace is corrected to match the m-H response of the Dy 2 O 3 pellet measured using a VSM [see Fig. 4(b) ]. The phase and field amplitude calibration thus ascertained are subsequently applied to the response of the nanoparticle samples.
Lastly, the frequency response of the pick-up coil is determined using a single turn coil to generate excitation fields up to 3 MHz (i.e., spanning the range from fundamental to 60th harmonic of the 46.4 kHz operating frequency). The single turn coil, formed by bending the end of the center conductor of a rigid coaxial cable into a 2 mm diameter loop, is placed in the sample bore and driven by the lock-in amplifier. The amplitude and phase of the secondary signal are measured as a function of the drive frequency (see Fig. 5 ) to determine the frequencydependent sensitivity of the pick-up coil for normalizing the measured harmonics in a nanoparticle sample response. The resonance seen at ∼1.5 MHz in Fig. 5 is that of the secondary coil itself.
IV. SAMPLE PREPARATION
Single-crystal iron oxide nanoparticles, in different sizes from 6.2 nm to 15.5 nm, are synthesized using methods adapted from Ito [2013] . Briefly, an iron oleate precursor, prepared by stirring iron acetate (ࣙ99.99% trace metals basis, Sigma-Aldrich, Inc.) and iron acetylacetonate (ࣙ99.99% trace metals basis, Sigma-Aldrich, Inc.) with oleic acid (90%, Sigma-Aldrich, Inc.) at elevated temperatures, is slowly injected into 230˚C oleyl alcohol (85%, Alfa Aesar, Inc., Ward Hill, MA, USA) to nucleate and grow the nanoparticles. Nanoparticle volume increases in linear proportion with the precursor added, allowing precise control of nanoparticle size. The particles are nonstoichiometric magnetite: a spinel crystal structure with a lattice parameter between that of magnetite (8.397Å) and maghemite (8.342Å) [Gorski 2010] , and an absence of the antiferromagnetic wüstite (FeO) phase are observed in X-ray diffraction measurements (SmartLab diffractometer, Rigaku Corporation, Tokyo, Japan) of the particles. Particle sizes are ascertained using small-angle X-ray scattering (SAXSess mc 2 , Anton Paar, GmbH, Graz, Austria; Irena software [Ilavsky 2009]) . Complete synthesis and characterization details for the particles may be found in Cooper and Plummer [2017] . For measuring their m-H characteristics, the particles are pressed into 3.4 mm pellets using potassium bromide (PX1380-1, EMD Millipore Corporation, Burlington, MA, USA), a nonmagnetic binder. Three pellets are prepared in each size of the nanoparticles synthesized for this study (i.e., (6.2, 7.8, 11.7, 13.3, 14.6, 15.1, 15.5, 17 .9) nm). The nanoparticle concentration in the pellets is roughly 0.26% by volume. Fig. 6 shows the hysteresis loop of a pellet containing VivoTrax particles measured by the high-frequency, high-field hysteresis loop tracer. The M-H characteristics are shown with M in units of magnetic moment per nanoparticle mass and H in units of Tesla. The scaling error in magnetic moment, arising from the difference in shape between the YIG sphere used for calibration and the nanoparticle pellet, is calculated from finite element modeling to be less than 2%. Also plotted for comparison are M-H characteristics for the pellet measured at near-dc excitation field frequency using a VSM. The frequency dependence of the hysteresis loops is evident. Due to the magnetic viscosity in the nanoparticles, the magnetization lags the excitation field, with a characteristic time constant determined by the size of the particles. This time constant, referred to as the Néel relaxation time, is shorter for smaller particles. Thus, given a nanoparticle size, as the excitation field frequency approaches the Néel relaxation rate, a greater lag in magnetization or opening of the hysteresis loop becomes observable.
V. RESULTS
Hysteresis loops, measured with 46.4 kHz and near-dc excitation, are similarly shown for pellets prepared with 7.8 nm, 14.6 nm and 17.9 nm particles (see Fig. 7 ). Only data in the ±0.04 T range of 0.1 T excitation are plotted to clearly distinguish between M-H characteristics at 46.4 kHz and near-dc excitation. A smaller opening in Fig. 8 . Coercivity of the synthesized nanoparticles as a function of their size. Average coercivity measured for three pellets is reported for each particle size.
the hysteresis loop is seen at higher frequency for smaller nanoparticles due to their faster Néel relaxation rate. The opening, quantified by coercivity, is plotted in Fig. 8 for the various nanoparticle sizes synthesized. These data underscore the inadequacy of VSM or other commercially available measurements in predicting nanoparticle performance at high frequency. As apparent from Fig. 8 , particles determined to be superparamagnetic by vibrating sample magnetometry can, depending on their size, exhibit hysteresis at higher frequency.
VI. CONCLUSION
This letter presents the design of a high-frequency and high-field hysteresis loop tracer, capable of 0.16 T excitation field at 46.4 kHz, for characterizing magnetic nanoparticles. The field amplitude is limited by the maximum output current and voltage available from the linear amplifier used and can, therefore, be increased with minimal hardware upgrade. The options for operating frequency can also be enhanced by using programmable capacitors to tune the resonance of the excitation frequency. The instrument crucially fills a metrology void where existing measurement tools fail to simultaneously provide high field and high frequency to accurately characterize magnetic nanoparticles at conditions representative of several of their promising technological applications. The ability to rapidly measure saturation field, dynamic coercivity, and ac susceptibilty of the nanoparticles will be invaluable also to guiding the optimization of their synthesis techniques.
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